Abstract: While quantum measurement has long been seen as a deep philosophical conundrum, technological progress and new potential applications such as quantum information processing have turned it into a respectable experimental discipline as well. I will introduce a modern perspective on real-world quantum measurement, including the new paradigm of "weak measurement" and its (controversial) potential for addressing fundamental issues as well as for improving the precision of practical measurement.
This tutorial will give an overview of some of the exciting recent developments in the science of quantum measurements, discussing several examples of how techniques which go beyond the familiar textbook formalism can actually shed new light on a variety of problems. I will explicitly shy away from the "quantum measurement problem," and aim rather to elucidate the theory and practice of various ways in which measurements can, in light of quantum mechanics, be carried out.
Beginning from the general perspective that a measurement can consist of any interaction which enables us to acquire information about a system, I will review some ideas from classical statistics and show how they can be extended in order to understand the effects of quantum measurements, both textbook "projective measurements" and what are now known as "generalized quantum measurements." I will give an example of a task where these generalized measurements can quantitatively out-perform any conceivable "standard" measurement.
I will spend a fair fraction of our time introducing the idea of "weak measurements," which has generated much interest and also much skepticism over the past few years. The motivation and definition are straightforward. After presenting the basics, I will use two examples to illustrate (a) the sense in which such measurements may be able to provide fundamental new insight about how quantum systems behave, and especially, how much one can say about how a quantum system we observe now must have behaved in the past; and (b) the proposal that they may, through a "weak-value amplification" effect, offer a remarkable way of improving certain high-precision measurements at a practical level. I will try to present at least a caricature of the arguments against this paradigm as well, and conclude with a very cautious summary of my own personal perspective on it at the present time. Roughly speaking, this will amount to "it clearly provides a striking new way of thinking about quantum mechanics, and only time will tell how much will grow out of that particular new approach" and "there are clearly specific circumstances in which weakmeasurement-style 'post-selection' can offer advantages for studying very small signals, but there is ongoing debate about exactly what those circumstances are." Given that so many interactions with quantum systems are weak, whether we like it or not, and that you can learn as much about a system from its final state as from its initial state, I will try to persuade you that the paradigm of weak measurement is an important tool for understanding the behavior and interaction of quantum systems.
In conclusion, modern abilities to control and manipulate individual quantum systems have led us to revisit the very foundations of quantum mechanics, and develop not only new techniques for characterizing quantum states, but also novel approaches for using quantum apparatuses to make higher-precision measurements than would otherwise be possible, ranging from super-resolved quantum imaging to weak-measurement-enabled measurements of femtoradian-level deflections. A knowledge of these new paradigms is a must for the next generation of researcher as quantum technologies become more and more widespread.
